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Objective: To investigate the combinatorial effect of hydroalcoholic extracts of Andrographis paniculata
Nees. and Pterocarpus marsupium Roxb. plants prospective to diabetes management.
Methods: Taking a lead from the scientific literature, in silico studies have also been designed for the
screening of anti-diabetic targets against andrographolide and pterostilbene compounds followed by
in vivo studies from Andrographis paniculata Nees. and Pterocarpus marsupium Roxb. Furthermore, the dia-
betes was induced by STZ model and the impact of Andrographis paniculata Nees. and Pterocarpus mar-
supium Roxb. have been conformed by relative expression studies by qPCR.
Results: Our results have shown that andrographolide and pterostilbene are SGLT2 inhibitors and selec-
tive PPARc agonists in in silico studies. Later, during in vivomRNA expression studies confirming the same
pattern. The findings of the study has shown to overcome the common knowledge of the only C–gly-
coside based molecules inhibiting the SGLT2.
Conclusions: The possible mechanism for PtyroneTM in the management of diabetes could be a selective
PPARc agonist, GLUT4 translocation and SGLT2 inhibition molecule.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The statistics of Type 2 diabetes mellitus (T2DM) is prevailing as
a main non-communicable disease wondering ~366 million of
world population. One of the major studies led by diabetic
researchers, by 2030, it is estimated as a high rate reaching 439–
552 million (Whiting et al., 2011). Risk associated with the T2DM
is metabolic syndromes and micro–macro vascular complications
increased the risk of cardiovascular indications (Tahrani et al.,
2011). The majority of patients required different types of medica-
tions to balance their blood-glucose levels worldwide. The catas-
trophe of use of metformin, sulphonylureas and/or gliptins is
often followed by the introduction of insulins. Though productive,
this strategy had several limitations, which eventually lead to ther-
apeutic inertia and compromise the targets for glycemic control.
Hence an urge of safe and efficient modality for its management
is urgently needed (Lankatillake et al., 2019; Dias et al., 2012).

Plants like Pterocarpus marsupium Roxb. and Andrographis pan-
iculata Nees are few such candidates who have high possibilities
in administering diabetes. Pterocarpus marsupium Roxb. exten-
sively used to treat Type 2 diabetes mellitus for thousands of years
(Jung et al., 2006). Similarly, Andrographis paniculata Nees. has also
been used as an anti-diabetic plants with other activities such as
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anti-analgesic, antioxidants, and hepatoprotector (Jayakumar et al.,
2013). These plants biosynthesized a major class of phytoactive
compounds, pterostilbene (1) and andrographolide (2) respet-
icvely, have been known as anti-diabetic (Titi and Sabtanti, 2015;
Perera, 2016; Fig. 1). More recently, Chakraborty et al. (2010) and
Islam (2017) has studied Andrographis paniculata Nees. and Ptero-
carpus marsupium Roxb. impact against diabetes and evaluated
their interactions with GLUT4, PPARa and PPARc.

The development of a new agent of plant-based origin that
assures safety with moderate but definite efficacy is the need of
the time. Several clinical and pre-clinical studies on the traditional
medicinal plants have shown their antidiabetic potential. Various
attempts are being made to prepare formulations with optimized
contents of phytoactive compounds of the plant by other
(Lankatillake et al., 2019). The combined activity of these phytoac-
tive materials, in a defined reference window, against multiple
selected targets can be pooled together as a complementary agent
with specific actions for the management of T2DM.
2. Material and methods

2.1. Plant material and extraction

Based on previous research data, a blend of PtyroneTM, contain-
ing combination of hydroalcoholic extract of Andrographis panicu-
lata Nees. and Pterocarpus marsupium Roxb. in specific proportion
was developed and provided by Shreepad Shree Vallabh (SSV) Phy-
topharmaceuticals, Mumbai for studying its impact against type 2
diabetes. Before sending the material, the percentage of pterostil-
bene and andrographolide in the formulation PtyroneTM was
ensured to be NLT 3% and NLT 30%, respectively. The requisite
quantity of the blend (0.9 g) was weighed and transferred to mor-
tar. The needful volume of 0.25% CMC was added in aliquots, and
the mixture were triturated to get a final uniform suspension. This
formulation was prepared fresh on the daily basis before dosing.
2.2. Animal

The approval for test facilities was given by the Institutional
Animals Ethics Committee (IAEC, ECR/1036/Inst/MH/2018). Animal
selection and other vital parameters are given in Table S1 (supple-
mentary files).
2.3. Induction of diabetes mellitus

Streptozotocin (STZ; Sigma Aldrich, St. Louis, USA) was taken to
induce diabetes in the test animals at a dose of 60 mg/kg body.
Dose and pH were adjusted to 4.5 and maintained on ice before
use. After 7 days of injecting STZ, confirmation of diabetes was
given by determining the concentration level of FBG and animals
exhibiting FBG levels more than 200 mg/dl were taken for the
experiment.
Fig. 1. Structures of pterostilbene (1) and andrographolide (2).
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2.4. Study design

Three groups of rats were defined before inducing diabetes.
Each group contains 3 animals.

Diabetic group: This group of rats was administered water (dis-
tilled) orally for 7 days at a dose of 1 mL/kg/d body weight.

PtyroneTM treated diabetic group: This group of diabetic rats was
given PtyroneTM at the dose of b.i.d., 450 mg/10 mL distilled water/
kg of body weight/d for 7 days at fasting state.

Metformin treated diabetic group: This group of diabetic rats was
given with metformin at the dose of 180 mg/kg body weight/d
orally for 7 days.

2.5. Screening of antihyperglycemic activity

2.5.1. Evaluation of fasting blood glucose
In all experimental rats, the collection of samples of blood was

taken by tail prick method and glucose level in blood was mea-
sured by Glucometer (Make: Accu Check). Every time animals were
checked for fasting blood glucose (approx. 8–12 h overnight fast-
ing) at day 1 and on day 8.

2.6. RNA extraction and qPCR

From each group of experimental rats, hepatic tissue was dis-
sected out and frozen immediately in liquid nitrogen until further
use. Liver tissues were homogenized in sterile PBS. RNA extraction
was carried out from the liver tissue samples obtained from all the
animals. Following the instructions mentioned in the manual, RNA
extraction was carried out using commercial columns (Qiagen,
USA). Briefly, 560 ll of lysis buffer was aliquoted to a tube. To this,
5.6 ll of carrier RNA was added along with the homogenized tissue
sample (140 ll). The suspension was vortexed and incubated at
room temperature for 10 min. RNA was precipitated by adding
560 ll of chilled ethanol. The required number of columns were
labeled and placed on the rack. 630 ll of the suspension from each
tube was added into the corresponding columns and centrifuged at
8000 rpm for 1 min. To the same columns the remaining sample
suspension was added and centrifuged at 8000 rpm for 1 min.
The bound RNA was washed with the wash buffers provided in
the kit. Finally, the columns were placed in a fresh RNase free tube
and elution buffer (60 ll) was added to each column and incubated
for 60 s at room temperature. The columns were centrifuged at
8000 rpm for 1 min. The eluted RNA was further used for cDNA
conversion.

Taking a commercial cDNA Archive Kit (ABI, USA), reverse tran-
scription of total RNA extracted from the tissue homogenate sam-
ples was carried out. cDNA synthesis was carried out in an RNase
free tube. To the labeled tubes 2 ll of 10X RT buffer, 0.8 ll of
Multi-scribe reverse transcriptase, 0.8 ll of dNTP mix (provided
in the kit) was aliquoted. To each tube 500 nM concentration of
gene-specific primers was aliquoted. 8 ll of the extracted RNA
was added to appropriate tubes and incubated at 45 �C for
30 min to facilitate cDNA synthesis. Further, the cDNA thus synthe-
sized was used for amplification.

PCR primers of the following biomarkers were evaluated: Glu-
cose transporter (GLUT4) (Mendes et al., 2009), Sodium/Glucose
co-transporter (SGLT2) (Dietrich et al., 2016), glycogen synthase
K (GSK3b) (Lawrence and Roach, 1997) and both peroxisome
proliferator-activated receptors (PPARa and PPARc; Im et al.,
2006; Table S2; supplimentry file) were used for cDNA and qPCR
assay.

Nucleic acid amplification was carried out in a qPCR machine
(Quant-Studio 3, Applied Biosystems). All amplifications were car-
ried out in a 20 ll reaction volume using Powerup SYBR Green
master mix, ABI. Amplification was carried out using 500 nM con-



Table 1
Fasting blood glucose levels in three groups.

S. No. Group Fasting Blood glucose (mg/dL)

1. Diabetic (control)) 344.3 ± 56.62
2. PtyroneTM 184 ± 44.54*
3. Metformin 108.7 ± 8.33*

Values expressed in Mean ± SD; SD- Standard Deviation
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centration of primers. All the amplifications were carried out in
triplicates. Briefly, the required quantity of the SYBR Green mix
was aliquoted into two specific tubes and labeled appropriately.
To one tube primer specific to GAPDH was added and to the second
marker, specific primers were added and mixed. The volume was
adjusted to 18 ll by adding sterile water. The mix was then ali-
quoted to each well. To each well, 2 ll of the prepared cDNA was
added and the amplification was carried out for 40 cycles at
95 �C and 60 �C. The calculation of the doubleDCt was done by cal-
culating the Ct values for both the genes (diabetic marker gene and
the housekeeping gene) in both the experimental and the control
groups. Amplification for each of the marker along with the
house-keeping gene had be carried out in triplicate. The inbuilt
software of Quant Studio calculated the 2^-DDCt values at the
end of the reaction.

2.7. DPPIV inhibition assay

DPPIV inhibition assay was carried out using ENZO DPPIV/CD26
Assay kit for Biological samples. Through cardiac puncture, the col-
lection of terminal blood samples was done. The collected samples
were put in tubes containing 10% K2EDTA. The plasma was har-
vested and frozen at �80 �C until further use. Inhibition assay
was carried out using the colorimetric substrate and the absor-
bance was measured at 405 nm as per the kit instruction.

2.8. Statistical analysis

The glucose values (mg/dl), relative expression values of GLUT4,
SGLT2, GSK3b, PPARa and PPARc were estimated in each group.
Significant differences between group means and control were
analyzed by one way ANOVA, followed by Dunnett’s multiple com-
parison test, using Graphpad Prism at 95% confidence levels. Differ-
ences were measured remarkable when P value were<0.05
(p < 0.05).

2.9. Structural retrieval for target proteins

The structures of human proteins-GSK3b, PPARa, PPARc and
DPPIV were retrieved form Protein Data Bank or PDB on the basis
of PDB search and structures containing the required binding and
active sites. The crystal structure of targets are as follows-GSK3b
(PDB Id:1Q5K), PPARc (PDB Id: 1I7I), PPARa (PDB Id:1I7G) and
DPPIV (PDB Id: 1R9N).

2.10. Homology modelling and dynamic studies of target proteins

Human structures of proteins targets-GPR40, GLUT4, SGLT2,
AMPKc suitable for interaction studies were not available in the
database of PDB; hence, protein structure was predicted using
MODELLER (Šali and Blundell, 1993) based on homology. The
sequence of protein targets was taken from UNIPROT (UniProt
Consortium, 2019) database. The identity percentage of selected
templates and the target protein was above 30%, as shown in
Table S3. The homology models were then validated using PDBsum
and PROCHECK. Visualization of the predicted models was done
using discovery studio (https://www.3dsbiovia.com/products/col-
laborative-science/biovia-discovery-studio/visualization-down-
load.php). All the generated homology models were energy
minimized, equilibrated and simulated for 1 ns using GROMACS
2018.1 version.

2.10.1. Ligand structure
The structures of pterostilbene (https://pubchem.ncbi.nlm.

nih.gov/compound/5281727) and andrographolide (https://pub-
chem.ncbi.nlm.nih.gov/compound/5318517https://pubchem.ncbi.
3

nlm.nih.gov/compound/5318517) were obtained in the structure
data file format. The structure was energy minimized and con-
verted into Tripos Mol2 format using MarvinView.

2.10.2. Molecular docking
In molecular docking studies, prediction of the binding poses of

the ligand to our proteins (targets) was analyzed. AutoDockTools
4.2 was used to perform and analyze the docking of ligands and
proteins (Morris et al., 2009). The obtained structures of protein
and ligand were as input and processed as per AutoDockTools
Package. For docking studies, dimensions of grid and spacing were
set as 60 and 0.375 Å, respectively. Sixty docking confirmations
were performed for each docking set of protein and ligand. Active
site prediction required for docking was done using available liter-
ature or server-MetaPocket (Zhang et al., 2011; Huang, 2009).
3. Results

In this study, we have observed that there is significant
decrease in fasting blood glucose (FBG) level the fasting blood glu-
cose (FBG) in PtyroneTM treated diabetic group (184 ± 44.54 mg/dl)
in comparisonwith a diabetic group (344.3 ± 56.62mg/dl) (Table 1)
with an increase in PPARc expression in PtyroneTM treated diabetic
group (2.25 ± 1) in comparison with the diabetic control group
(1 ± 0.01) (Table 1). The study of SGLT2 and PPARa expression
was shown a reduction in SGLT 2 (0.90 ± 0.02) but does not affect
PPARa expression in PtyroneTM treated diabetic group (0.97 ± 0.13)
in comparison with control diabetic group (1 ± 0.0.01), evocative
the PPARc activity (Table 2). Interestingly, for the first-time met-
formin has also shown statistically significant SGLT2 inhibitory
activity in this study. Similarly, the GSK3b and GLUT4 expression
level, (0.9 ± 0.1) and (1.1 ± 0.15) in PtyroneTM treated diabetic
group as compared to the GSK3b and GLUT4 expression level
(1 ± 0.01) and (1 ± 0.01) in the diabetic control group (Table 2).
The PtyroneTM treated diabetic group (Table 3) did not exhibit sig-
nificant DPP4 inhibition (39.01 ± 4.54) in comparison with the con-
trol diabetic group (0 ± 0).

3.1. Molecular interactions

In this study, we predicted homology models for the four pro-
tein targets namely GPR40, GLUT4, SGLT2, and AMPKc. Ramachan-
dran plot (RC Plot) was used to study the torsion angles of the
models built. Ramachandran plot for all the four homology models
is shown in Fig. 2. Nanosecond dynamic simulations were executed
using GROMACS 2018.1 version. Before simulations, all the homol-
ogy models were energy minimized and potential energy was
checked (for stable structure the average potential energy should
be in the scale of �1*105 kcal/mol) shown in Table S4. As per the
RC Plots, potential energy, and the RMSD, these homology models
are reasonably good for further in silico studies. For molecular
docking studies, ligands are directed to the active site as predicted.
The active site prediction for our target proteins is described in
Table S5. The images showing the actives site are given in Fig. 3.
The ligands pterostilbene and andrographolide were docked with
3D structures of protein targets using AutodockTools (Table S6).
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Table 2
Relative mRNA Expression in all the treated groups with respect to diabetic control group.

Group Relative mRNA Expression with respect to control

SGLT2 GLUT4 PPARa GSK3b PPARc

Diabetic (control) 1 ± 0.01 1 ± 0.01 1 ± 0.01 1 ± 0.01 1 ± 0.01
PtyroneTM 0.90 ± 0.02 1.1 ± 0.15 0.97 ± 0.13 0.9 ± 0.1 2.25 ± 1
Metformin 0.51 ± 0.03* 0.33 ± 0.04 0.54 ± 0.06 5.56 ± 0.41 41.64 ± 7.22*

Values expressed in Mean ± SD; SD- Standard Deviation, *- Statistically significant (P < 0.05).

Table 3
Percent inhibition of DPP4 in treated group with respect to control diabetic group.

Group Percent Inhibition in comparison to control

Diabetic (control) 0 ± 0
PtyroneTM 39.01 ± 4.54
Metformin 10.46 ± 2.32
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Binding modes for pterostilbene and andrographolide with all the
protein targets are shown in Fig. 3. Molecular docking studies
Fig. 2. RC Plots of GPR40(A), GLUT

4

and predicted activity with minimum energy interactions concern-
ing their active sites are shown in Table S7 for pterostilbene and
andrographolide.
4. Discussion

Type 2 diabetes mellitus (DM), is a metabolic disorder wherein
the currently used therapeutic modalities for the management of
Type 2 DM have limitations and side effects. Hence, there is a need
for the development of natural multi-targeted agents for the com-
4(B), SGLT2(C) & AMPKc(D).



Fig. 3. Images showing binding mode of Pterostilbene with (a) GSK3b, (b) PPARc, (c), DPPIV (d) GPR40, (e) SGLT2, (f) GLUT4, (g) AMP; binding mode of Andrographolide (h)
GSK3b, (i) PPARa, (j) PPARc, (k) DPPIV , (l) GPR40, (m) SGLT2, (n) GLUT4 & (o) AMPK.
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prehensive management of diabetes. In the current article, for the
first time, we have used hydroalcoholic extracts of Andrographis
paniculata Nees. and Pterocarpus marsupium Roxb. plants combined
in the certain proportion for the diabetes management. The dia-
betic rat was induced by a low-dose STZ to assess the outcome of
5

PtyroneTM (hydroalcoholic extracts of Pterocarpus marsupium Roxb.
and Andrographis paniculata Nees.) and evaluating the FBG and
mRNA expression levels of PPARa, PPARc, GLUT4, SGLT2, GSK-3b
and DPPIV to check the inhibition of Type 2 diabetes in diabetic
rats as compared to metformin. Afterwards, we have confirmed
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the anti-diabetic nature of pterostilbene and andrographolide and
their binding interctions with GSK3b, PPARc, DPPIV, GPR40, SGLT2,
GLUT4 and AMPK through in silico studies (Fig. 3).

PPARs are known for nuclear hormone receptors that acts as
transcription factors which regulates the genetic expression of
both lipid metabolism as well as insulin resistance (Lamichane
et al., 2018). Notably, PPARc plays an imperative role in adipocyte
differentiation, glucolipid metabolism and insulin resistance (Jia
et al., 2015), which is why PPARc regulates the usual physiological
processes of cells. Also, PPARc is linked with obesity, fat differenti-
ation and insulin resistance as PPARc is a type of ligand-activated
nuclear transcription factor (Wasik et al., 2017). Metformin treat-
ment group has shown prominent PPARc upregulation but also a
significant downregulation in PPARa mRNA expression. This could
also be one of the possible reason for the cardiovascular side effects
of metformin. Similar results were also observed with PPARc ago-
nist glitazones such as pioglitazones and rosiglitazones. One of the
major concern with PPAR is their downregulated expression in dia-
betic patient is by the disease itself. If a drug has an antagonist
activity or downregulates the expression of PPARa, it may lead to
water retention and CHF (Schernthaner et al., 2013). However,
with the use of PtyroneTM formulation, it has been observed that
no significant decrease in PPARa was heeded with a slight upregu-
lation in PPARc expression while comparing the diabetic control
group. This further establishes the safety of the PtyroneTM formu-
lation. The beneficial effects of increased production of enzymes
via PPARc activiation is increased glucose tolerance and improved
insulin sensitivity followed by, improved energy expenditure in
white adipose tissue (Kaupang and Hansen, 2020). So, the need
of the hour is that of selective PPARc agonist and with no effect
on PPARa wherein our formulation suffices this issue.

GLUT4 is a transmembrane transport protein which boosts glu-
cose transport to insulin-sensitive tissues for intracellular exploita-
tion (Irudayaraj et al., 2016) which is not only found in skeletal
muscle and adipocytes, but also in the brain and heart (Wang
et al., 2020). Our research reveals that in T2DM rats, the expression
level of GLUT4 were increased by PtyroneTM. Its upregulation can
increase the translocation into the cell membranes which thereby
increases the glucose uptake in the cell which will be helpful in
achieving the glucose homeostasis (Wan et a., 2020). It was also
monitored that the same formulation also downregulated the
SGLT2 expression, suggesting the inhibitory affect of SGLT2 activ-
ity. Ferrannini et al. (2013) reported that the renal SGLT2 threshold
levels for glucose reabsorption is paradoxically augmented in
hyperglycemia in an experiment on diabetic rodents and humans.
Also, its inhibitors exhibit glucose-dependent as well as -
independent renoprotective effects (Kawanami et al., 2017). Since
the inhibitors of SGLT2 shows pleiotropic effects, hence, they
may exert beneficial effects on peripheral nerves, thereby address-
ing diabetic peripheral neuropathy.

The role of a serine/threonine kinase based glycogen synthase
kinase-3 (GSK-3) is significant in the regulation of glycogen meta-
bolism together with other numerous cellular activities. Along
with this, obese people suffering from type 2 diabetic are also
related to defective capability of insulin to stimulate the dumping
of glucose and glycogen synthase due to overexpression and over-
activity of GSK-3 in skeletal muscles. A supplementary imperative
accomplishment of these serine/threonine kinase inhibitors in the
framework of obese-associated diabetes (type 2) caused the
decrease of hepatic glucose level may be due to the downregula-
tion mechanism of genes related to gluconeogenesis (Henriksen
and Dokken, 2006). It is also advocated that during the treatment
of CNS neuropathy of diabetes mellitus, GSK-3 might be a signifi-
cant target since it has shown a vital role in the pathogenesis
(Qu et al., 2014). GSK-3b expression in our study was downregu-
lated in comparison to the diabetic control group. Its inhibition will
6

further improve the insulin production and glucose metabolism in
human skeletal muscle (Nikoulina et al., 2020) which will further
improve the diabetes patient health.

Dipeptidyl peptidase IV (DPPIV) is generally a scattered multi-
functional transmembrane glycoprotein in organs and tissues of
humans that selectively dissects dipeptides after proline or alanine
residues (Yang et al., 2007; Longenecker et al., 2006). It is
acclaimed for its deactivation of incretin hormones engaged in glu-
cose homeostasis, specifically, glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) (Green et al.,
2006), which stops the secretion of glucagon and activates insulin
secretion. DPPIV inhibitors are involved in lowering glucose levels
and hence they stall the active time of GLP-1 and GIP as their ele-
mentary pharmacological action. In this study, after STZ treatment,
the PtyroneTM group showed DPPIV inhibition.

Molecular docking performed for the ligands (pterostilbene and
andrographolide) with protein targets (GSK-3b, PPARa, PPARc,
DPPIV, GPR40, SGLT2, GLUT4 and AMPK) showing good mode of
binding or interactions (in terms of hydrogen bond formation) with
each ligand with protein. Interacting residues, binding energy for
all the protein–ligand and their activity is shown in Tables S6
and S7.
5. Conclusion

The authors for the first time developed a formulation (Pty-
roneTM) of two major hydroalcoholic extracts based phytoactives
each from both plants for its action against type 2 diabetes melli-
tus. The in vivo studies have shown that this formulation signifi-
cantly reduced fasting blood glucose, along with an increase in
PPARc and GLUT4 expressions with a reduction in SGLT2 and
GSK-3b expressions. The formulation did not even exhibit signifi-
cant DPPIV inhibition in comparison with the diabetic control
group. These findings are further confirmed with in silico studies.
The docking studies were excuted to better understand the interac-
tion between the ligands-pterostilbene, andrographolide along
with eight protein targets. Both the ligands formed hydrogen
bonds with all the target proteins except pterostilbene which
showed no interaction with PPARa. Thus, it can be concluded that
PtyroneTM formulation with the phytoactives from two plants in
specific proportions is a potential antidiabetic candidate with its
multi-targeted effects. This is for the first time such a plant-
based product derived from natural origin has emerged with so
many multiple targets in diabetes.
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